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MECHANISM  OF  CATALYSIS  WITH  THE 
THERMAL  DECOMPOSITION  AND  BURNING 
OF  AMMONIUM  PERCHLORATE 


0.  P.  Korobeynichev,  A.  V.  Shkarin, 
and  A . S . Shmelev 

Novosibirsk 

Although  the  role  of  the  reactions  of  the  decomposition  of 
perchloric  acid  with  the  decomposition  and  burning  of  ammonium 
perchlorate  (PCA)  and  in  the  catalysis  of  these  processes  was 
already  repeatedly  stressed  [1-4],  quantitatively  the  connection 
between  them  was  not  checked  mainly  due  to  the  absence  of  reliable 
kinetic  data.  At  the  same  time  such  data  are  basis  for  the 
construction  of  models  of  burning  of  the  PCA  and  fuels  on  its  base, 
and  also  a model  of  catalysis  with  burning.  Given  in  this  work  are 
results  of  kinetic  studies  of  the  decomposition  (including  catalytic) 
of  the  PCA  and  mixture  HClO^vNH^,  which  are  used  for  finding  the 
quantitative  connection  between  these  processes  and  for  the  con- 
struction of  models  of  burning  of  the  PCA  and  catalysis  of  burning. 

A study  of  the  kinetics  of  the  decomposition  of  mixtures 
HCIO^+NH^  was  conducted  with  20  mm  Hg  in  a Lossing  flow  reactor 
connected  through  the  diaphragm  with  the  ionic  source  of  a time-of- 
flight  mass-spectrometer  (Pig.  1).  The  mixture  HCIO^+NH^  was 
obtained  with  the  sublimation  of  the  PCA  in  one  of  the  furnaces  at 
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350°C  and  by  the  flow  of  helium  was  transferred  to  the  radial 
clearance  heated  by  the  second  furnace  between  two  coaxial  tubes, 
on  surface  of  one  of  which  the  catalyst  was  applied  by  a thin  (1  pm) 
layer.  By  means  of  changing  the  retention  time  it  was  shown  that 
the  decomposition  reaction  of  HCIO^  on  the  catalyst  Fe2°3  is  of  thc 
first  order.  Figure  2 shows  the  dependence  of  the  concentrations 
of  different  components  on  the  temperature,  obtained  as  a result  of 
the  processing  of  the  mass  spectra,  at  the  fixed  retention  time 
(3.6*10**^  s).  The  reaction  rate  of  the  decomposition  of  HCIO^  at 
376-;lJ30°C  is  equal  to 

. iii  q 

k =b.7‘10  exp  (-28500/RT)  cm  /s  per  gram  of  catalyst.  (1) 

y 


guru  2 


of  the  rose  or  Jn  combination  with  the  mass 

study  of  tne  catalytic  decomposition  of  the 


"are  1.  '"a:.: 

spectrometer  for  a 
mixture  UdO^Uhl^. 

Key:  (a)  capillary  for  a thermocouples  (b)  ionic  source;  (c)  tube 

with  catalyst;  (d)  elec;,  romagne  ul  c push  rod  of  PGA;  (e)  pumping  by 

diffusion  air  pump;  (f)  valve;  (g)  to  the  purnp;  (h)  helium;  (i) 
rheometer. 


Figure  2.  Dependence  of  the  relative  (to  HCIO^)  concentrations  of 
components  on  temperature  for  the  system  HClO^+NH^+Fc^g . 


After  a stay  in  the  combustion  zone  of  PCA,  the  specific  surface 
area  and  catalyst  activity  of  are  decreased  by  3-*!  times.  The 

catalyst  MnO^  is  considerably  [illegible] y and  CuO  is  less  active 
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thun  Fe20^.  The  CuO,  C^O^  and  CuCr^O^  enter  into  a reaction  with 
HC.10^  with  the  formation  of  volatile  compounds,  which  by  the  flow 
of  helium  are  carried  away  from  the  reaction  gone. 

With  the  use  of  the  derivative-graphic  method  in  air  with  a 
linear  Increase  in  the  temperature  (-8  degrees/min)  in  a quartz 
crucible,  which  consists  of  two  coaxial  tubes  between  which  there 
was  placed  a suspension  (*10  mg)  of  powder  of  PCA  with  particle  sizes 
on  the  order  of  100  ym,  the  kinetics  of  the  high -temperature 
decomposition  of  PCA,  pure  and  with  a catalyst, is  studied.  Results 
of  the  experiments  are  represented  on  Fig.  3.  The  reaction  rate  of 
the  decomposition  of  PCA+2.5?  Fe20^  in  the  range  of  320-370°C  is 
equal  to 

— - — 3.3- 1 0 ' * exp  (—52 1 00//?r)  1/s,  (2) 

ut  (1  — a) 

where  a is  the  degree  of  transformation  of  the  PCA. 


Figure  3*  Temperature  dependences  of  the 
reaction  rate  or  the  decomposition  of  PCA: 

1 - PCA+2.5£  FCjO^;  2 - calculation  according 

to  (3);  3 - PCA+2.5*  CuO;  4 - PCA+2.5* 

Mn0o;  5 - pure  PCA;  6 - calculation  under 

L. 

the  assumption  of  a gas-phase  reaction. 


The  calculation  of  the  decay  rate  of 

the  PCA+?  5%  Fe„0_  with  the  use  of  (1)  and 
e i 

formulas  given  in  work  [2],  derived  on  the 
assumption  that  with  thermal  decay  there  manages  to  be  established 
the  equilibrium  pressure  of  the  HCIO^  above  the  PCA,  gives 

(3) 


\ =»4-10l,e'tp(— 57200/ffr)  1/s. 


Values  of  the  calculated  (3)  and  measured  (2)  decay  rate  of  the  PCA 
agree  wUn  the  accuracy  up  to  the  error  of  the  experiment  (Fig.  3), 
which  serves  as  a quantitative  confirmation  of  the  hypothesis  [2] 
relative  to  the  mechanism  of  the  catalytic  decomposition  of  the  PCA. 
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The  greater  effectiveness  of  the  copper  oxide  in  experiments 
on  the  thermal  decay  of  the  PCA  (Fig.  3)  than  in  experiments  on  the 
decomposition  of  HCIO^  (in  comparison  with  Mn02  and  Fe^^)  is 
connected  with  the  formation  in  the  process  of  the  reaction  of  HCIO^ 
with  CuO  of  the  catalyst  CuCl,  considerably  more  active  than  CuO, 
volatile  at  400°C,  which  in  the  first  case  does  not  manage  to  diffuse 
from  the  zone  of  reaction,  and  under  conditions  of  the  flow  it  is 
taken  away  from  this  zone. 


Proofs  of  the  fact  that  in  our  experiments  the  high-temperature 
decomposition  of  pure  PCA  flows  to  a greater  degree  (more  than  80S?) 
in  the  condensed  phase  and  to  a lesser  degree  - in  the  gaseous  phase, 
are  represented  in  Fig.  3>  where  curve  5 corresponds  to  the  measured 
reaction  rate  of  the  decomposition  of  pure  PCA  (E*60  kcal/rnole), 
and  curve  6 is  the  calculated  curve  with  the  use  of  formulas  of 
source  [2]  on  the  assumption  that  the  decompo  Ution  of  HCIO^  occurs 
in  the  gaseous  phase  with  the  Levy  constant  [5]  (in  the  calculation 
the  design  of  the  crucible  was  considered).  Furthermore,  with  a 
change  of  5 times  of  the  parameters  which  determine  the  reaction 
rate  in  the  gaseous  phase  (reaction  volume  of  the  crucible,  area  of 
thv  ring  cross-sect  ion) , the  rate  of  decomposition  :.as  changed  by 
20-3055  . 


'iiie  findings  make  it  pot 


) U 3 o .L  (J  l O u O 


:oi* 


,ruct  a model  of  the 


burning  of  the  PCA  anu  model  of  the  catalysis  of  the  burning  of 
monofueis,  which,  in  orr  opinion,  are  more  valid  than  those  known 
at  present  [6].  The  first  model  is  based  on  the  three  positions 
checked  by  us  experimentally  at  450^0; 


1)  on  the  burning  surface  the  equilibrium  pressure  of  HCIO^+NH^ 
is  established; 


2)  there  occurs  a surface  exothermal  reaction  with  the  constant 
calculated  from  experiments  on  the  decomposition  of  pure  PCA  (Fig. 

3,  curve  5); 
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3)  the  decomposition  reaction  of  the  mixture  HCIO^+NH^  is  a 


first-order  reaction  for  HCIO^  and  zero  for  NH^. 


Results  of  the  numerical  calculation  on  a computer  of  this 
model  give  the  absolute  values  close  to  the  experimental  data  of  the 
rate  of  combustion  and  exponent  in  the  law  of  burning,  v»0.9  (Fig. 

*0;  although  they  do  not  explain  the  upper  limit  of  burning  according 
to  pressure . 


p,am 


Figure  Jj.  Dependence  of  the  rate  of  com- 
bustion of  the  PCA  on  pressure:  1 - 

calculation  without  surface  reaction;  2 - 
calculation  taking  surface  reaction  into 
account;  3 - calculation  taking  into 
account  surface  and  catalytic  reaction  (o  - 
experimental  data). 

Abbreviations:;  cbk  * s;  a«  c at. 


Two  means  of  the  effect  of  the  catalyst 
are  possible:  in  the  gas  and  condensed 

Dhases.  In  this  case  there  can  be  two 
conditions  of  the  catalysis:  diffusion 

and  kinetic. 


The  effectivenesses  measured  by  us  experimentally  and  calculated 
from  the  above-mentioned  model  on  a computer  for  the  subdispersion 
particles  of  Fe20^  (kinetic  condition  v/ith  constant  (1))  of  the 
action  of  the  catalyst  on  the  rate  of  combustion  prove  to  be  similar 
in  value.  The  transition  from  kinetic  condition  to  diffusion, 
according  to  the  calculations,  occurs  with  a change  in  the  particle 
size  of  Fe20^  (d)  from  0.1  to  1 pm.  Upon  the  consideration  of  the 
reaction  which  takes  place  on  particles  of  the  catalyst  located  on 
the  burning  surface,  the  heat  flux  into  the  condensed  phase  with 
the  kinetic  condition  will  increase  by  AZ^ . 

AVdKf^ky/nQ>  {4) 
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where  p , p are  densities  of  the  catalyst  and  reacting  gas  near 
h n 

the  burning  surface;  f - weight  fraction  of  the  catalyst  in  the 
condensed  phase;  Q - thermal  effect  of  the  reaction. 

As  can  be  seen  from  (4),  AZ  increases  with  an  increase  in  d ; 
however,  with  large  grain  sizes,  when  the  reaction  passes  into  the 
region  of  diffusion  and  expression  (4)  will  not  be  valid,  AZ 

H 

decreases  with  an  increase  in  d . Hence  it  follows  that  on  the 

K 

curve  effectiveness  of  the  catalyst-dispersion  the  maximum  must 
exist.  The  account  of  two  means  of  the  effect  of  the  catalyst 
eliminates  some  contradictions  of  the  theory  of  the  "maximally  strong  ’ 
catalysis  in  the  gaseous  phase"  (for  example,  in  the  question  of 
the  effect  of  the  dispersion  of  the  catalyst).  For  the  experimental 
check  of  the  theory  it  would  be  necessary  to  have  monodisperse 
particles  of  the  catalyst . However,  in  a number  of  cases  there 
appear  additional  difficulties,  for  example,  the  melting  also  of 
the  agglomeration  of  the  particles  on  the  burning  surface,  as  was 
revealed  by  us  by  microscopic  and  electron-microscopic  examinations 
of  the  surface  of  the  extinguished  specimens  of  PCA+2?'  CuO  (here 
with  a decrease  in  pressure  in  the  bomb  from  80  to  1 at  the 
particles  become  larger) . 


Calculations  on  t'.e 
whem  the  authors  express 


computer  were  made  by 
tueir  gratitude. 


c vos van  , to 
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